Objective: To determine the diagnostic performance of dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) and DCE ultrasound (DCE-US) for predicting response to neoadjuvant chemotherapy (NAC) in breast cancer patients. Materials and Methods: This Institutional Review Board-approved prospective study was performed between 2014 and 2016. Thirty-nine women with breast cancer underwent DCE-US and DCE-MRI before the NAC, follow-up DCE-US after the first cycle of NAC, and follow-up DCE-MRI after the second cycle of NAC. DCE-MRI parameters (transfer constant [Ktrans], reverse constant [kep], and leakage space [Ve]) were assessed with histograms. From DCE-US, peak-enhancement, the area under the curve, wash-in rate, wash-out rate, time to peak, and rise time (RT) were obtained. After surgery, all the imaging parameters and their changes were compared with histopathologic response using the Miller-Payne Grading (MPG) system. Data from minor and good responders were compared using Wilcoxon rank sum test, chi-square test, or Fisher's exact test. Receiver operating characteristic curve analysis was used for assessing diagnostic performance to predict good response. Results: Twelve patients (30.8%) showed a good response (MPG 4 or 5) and 27 (69.2%) showed a minor response (MPG 1−3). The mean, 25th, 50th, and 75th percentiles of Ktrans and Kep of post-NAC DCE-MRI differed between the two groups. These parameters showed fair to good diagnostic performance for the prediction of response to NAC (AUC 0.76−0.81, p ≤ 0.007). Among DCE-US parameters, the percentage change in RT showed fair prediction (AUC 0.71, p = 0.023). Conclusion: Quantitative analysis of DCE-MRI and DCE-US was helpful for early prediction of response to NAC.
INTRODUCTION
quantity of UCA particles in the vessels are reflected in the TIC and variable perfusion-related indices are extracted.
In this study, we performed quantitative analysis of DCE-MRI and DCE-US to determine the diagnostic performance for early prediction of response to NAC in breast cancer patients.
MATERIALS AND METHODS
Our Institutional Review Board approved this prospective study, and all the patients provided written informed consent before enrollment. Between January 2014 and July 2016, consecutive 39 women (median age, 45 years; range, 25−67 years) with stage II or III unilateral breast cancer scheduled for NAC participated in this study. The patients received 4−6 cycles of anthracycline-based or anthracycline/ taxane-based NAC with/without trastuzumab, followed by surgery (Fig. 1) . The clinical characteristics of the patients are summarized in Table 1 .
A breast radiologist, with 10 years of experience in breast imaging, performed DCE-US before the NAC and after the first cycle of NAC. The DCE-US carried out were defined as pre-NAC DCE-US and post-NAC DCE-US, respectively. DCE-MRI was performed before the NAC and after the second cycle of NAC and defined as pre-NAC DCE-MRI and post-NAC DCE-MRI, respectively. The DCE-US and DCE-MRI were performed just a few days before the next NAC. Subsequent DCE-MRIs were not analyzed because this study was focused on early prediction of response to NAC.
In the case of multiple malignancies in a breast, only the largest lesion was selected for analysis. The imaging data were evaluated by two radiologists (with 10 and 4 years of experience in breast imaging) in consensus. They were blinded to clinicopathologic information except that the study population was diagnosed with breast cancer.
DCE-MRI Data Acquisition and Analysis
MRI was performed with a 3T MAGNETOM Verio MRI system (Siemens, Erlangen, Germany) using a dedicated surface breast coil. MRI data were acquired using the following than microstructural or physiologic alterations (3) . On the other hand, functional imaging techniques could depict biologic features of the tumor. Neoangiogenesis is known to play an important role in tumor progression. Altered angiogenesis can be visualized using dynamic contrastenhanced (DCE) imaging (4) .
Magnetic resonance imaging (MRI) is widely used for response evaluation in breast cancer patients. DCE-MRI has been validated through the correlation with histopathologic data including microvessel density or angiogenic growth factors (5) (6) (7) . Changes in the DCE-MRI kinetic parameters could be used to predict treatment response. Although the pathophysiologic mechanism explaining the changes in DCE-MRI has not been fully elucidated, it seemed to be related to changes in the microvessel density and antiangiogenic effects of chemotherapy (8) . Compartmental pharmacokinetic models of DCE-MRI describe the bloodtissue exchange of an administered contrast agent (9) . The models suggest that contrast agent diffuses from (transfer constant [Ktrans] ; unit, min -1 ) and back to the vascular space (reverse constant [Kep] ; unit, min -1 ). Ve, another DCE-MRIderived parameter, refers to the leakage space (fractional extravascular extracellular space; unit, %). The correlation between NAC response and DCE-MRI parameters has been demonstrated in several studies (10) (11) (12) (13) .
Meanwhile, there is an increasing interest in the clinical use of contrast-enhanced ultrasound (CEUS). There have been several reports demonstrating the utility of CEUS for differentiation of breast lesions and prediction of prognostic factors of breast cancers (14) (15) (16) . Unlike the contrast agents used in MRI or computed tomography, ultrasound contrast agent (UCA) remains within the vessels. Considering that angiogenesis occurs at the capillary level, CEUS may be one of the most direct imaging tools for visualizing perfusion changes in the tumor. Recently, quantitative analysis of DCE ultrasound (DCE-US) has been investigated (17) (18) (19) . After a bolus injection of the UCA, the average intensity within a region of interest (ROI) can be displayed as a time-intensity curve (TIC) using a dedicated software. The velocity and Dynamic contrast-enhanced magnetic resonance imaging was quantitatively analyzed using the Olea Medical Software (Olea Medical, La Ciotat, France), based on the extended Tofts and Kermode (TK) model (20) . A native T1 map was generated using the five flip angles. The arterial input function (AIF) was obtained from the aorta or axillary artery using an automatic AIF selection algorithm. In the case of circumscribed malignant mass, the margin was manually demarcated. In the case of non-mass lesion or mixed pattern, the boundary of enhancing lesions contiguous to the center was traced. During the lesion demarcation on post-NAC DCE-MRI, pre-NAC DCE-MRI was Data are presented as median (range) or n (%). P values for differences were determined by Wilcoxon rank sum test for continuous variables and chi-square test or fisher's exact test for categorical variables. Histopathologic examination results were obtained from core needle biopsy specimen. In case of no available immunohistochemistry results before chemotherapy, data obtained from surgical specimen was presented. *Statistically significant differences (p < 0.05). DCE-MRI = dynamic contrast-enhanced magnetic resonance imaging, DCE-US = DCE ultrasound, HER2 = human epidermal growth factor receptor 2, IDC = invasive ductal carcinoma, NAC = neoadjuvant chemotherapy, TNM = tumor/node/metastasis Korean J Radiol 19(4), Jul/Aug 2018 kjronline.org used for reference. A histogram analysis of the whole tumor volume was adopted to avoid sampling bias (21, 22) . After determination of the lesion by manual tracing of the margin on each axial contrast-enhanced T1-weighted image, a whole-tumor volume was automatically generated by summing each of the cross-sectional volumes. The volume of interest was copied and pasted onto other corresponding DCE parameter images. From the Ktrans, Kep, and Ve values per pixel of the whole-tumor volume, mean, 25th, 50th, and 75th percentile pixel values were obtained, and the skewness and kurtosis were calculated (7).
DCE-US Data Acquisition and Analysis
The US was performed with an iU22 scanner (Philips Healthcare, Eindhoven, The Netherlands) using a 7.5-MHz linear probe. Before DCE-US, B-mode US was performed to identify the target tumor. Subsequently, 2.4 mL of intravenous UCA (SonoVue; Bracco, Milan, Italy) was manually injected through the chemoport catheter. DCE-US data were obtained in a representative axial section. The raw data of the examinations were recorded during 3 minutes after the injection of the contrast agent. The data were loaded for the VueBox software (Bracco Suisse SA, Geneva, Switzerland) for quantitative analysis (23) . The ROI was drawn to encompass the largest available tumor. TICs were generated and the following DCE-US parameters were automatically obtained: peak-enhancement (PE; units, a.u.), area under the TIC (AUCt; units, a.u.), wash-in rate (WiR; units, a.u.), wash-out rate (WoR; units, a.u.), time to peak (TTP; units, s), and rise time (RT; units, s) (24) .
Histopathologic Examination
The histopathological assessment of surgical specimens was performed by a pathologist with 15 years of experience. The pathological response was assessed by the Miller-Payne Grading (MPG) system, which compares cancer cellularity of the core needle biopsy with the resected tumor (25, 26) . Grading of the response was as follows: Grade 1, no reduction in overall cellularity; Grade 2, a minor loss of tumor cells (up to 30% loss); Grade 3, an estimated reduction between 30% and 90% in tumor cells; Grade 4, marked disappearance of tumor cells (more than 90% loss); and Grade 5, no identifiable malignant cells, although ductal carcinoma in situ may be present. Grades 1-3 were defined as a minor response and Grades 4 and 5 as a good response in this study.
Routine 
Statistical Analysis
Statistical analyses were performed using SAS software (version 9.3; SAS Institute, Cary, NC, USA). P values for differences between minor responder and good responder were determined by Wilcoxon rank sum test, chi-square test, or Fisher's exact test. In regards to the diagnostic performance of imaging parameters to predict good response after NAC, receiver operating characteristic (ROC) curve analysis was used, and the area under the ROC curve (AUC), sensitivity, and specificity were calculated. The range of 0.9-1.0 indicates an excellent predictor; 0.8-0.9, a good predictor; 0.7-0.8, a fair predictor; and < 0.7, a poor predictor. The optimal threshold (cutoff) was chosen according to the Youden index. 
RESULTS
On pathological analysis of the surgical specimens, MPG results were as follows: Grade 1, n = 2 (5.1%); Grade 2, n = 5 (12.8%); Grade 3, n = 20 (51.3%), Grade 4, n = 8 (20.5%), and Grade 5, n = 4 (10.3%). In this study, 12 (30.8%) patients were classified as good responders (Grade 4 or 5) (Fig. 2) and 27 (69.2%) patients as minor responders (Grade 1, 2, or 3) (Fig. 3) . Among the 12 good responders, there were 2 patients with no residual malignancy, 2 patients with ductal carcinoma in situ, 7 patients with invasive ductal carcinoma (median size, 0.7 cm; range, 0.2−1.5 cm), and 1 patient with mucinous carcinoma (size, 5 cm). Out of the 27 minor responders, there were 25 patients with invasive ductal carcinoma (median size, 1.8 cm; range, 0.2−4.8 cm) and 2 patients with invasive lobular carcinoma (size, 5 cm and 9.8 cm).
DCE-MRI
None of the pre-NAC DCE-MRI histogram metrics showed a difference between minor responders and good responders Korean J Radiol 19(4), Jul/Aug 2018 kjronline.org (Table 2) . Whereas the mean, 25th, 50th, and 75th percentiles of Ktrans and Kep of post-NAC DCE-MRI in good responders were significantly lower than those in minor responders (p ≤ 0.011). The %changes of these values were bigger or tended to be bigger in good responders (p ≤ 0.056). Skewness and kurtosis of Kep were higher in good responders after NAC (p ≤ 0.013). There was no difference in histogram metrics of Ve between the two groups. Table 3 Table 4 demonstrates quantitative DCE-US parameters obtained before and after NAC for the discrimination between minor and good responders. There was no significant difference in PE, AUCt, WiR, WoR, TTP, and RT between minor responders and good responders before and after NAC. The %change in RT was significantly higher in good responders than in minor responders (p = 0.042). No statistically significant difference was found for the %change of PE, AUCt, WiR, WoR, and TTP. The statistical analysis of diagnostic performance revealed that %change of RT showed fair prediction (AUC 0.71, p = 0.023).
DCE-US

DISCUSSION
Our results from quantitative analysis of DCE-MRI in response assessment of NAC in breast cancer were consistent with those of several previous studies (10-13). Padhani et al. (10) found that the Ktrans range was accurate for predicting the response after two cycles of NAC. AhSee et al. (11) showed that Ktrans and Kep after two cycles of kjronline.org NAC were significantly correlated with pathologic response. Li et al. (12) reported that Kep after the first cycle of NAC appeared to predict treatment response. Tudorica et al. (13) presented that Ktrans, Kep, and Ve obtained after one cycle of NAC were good to be excellent early predictors of pathologic response. On the other hand, Cho et al. (27) reported that DCE-MRI parameters (Ktrans, Kep, and Ve) did not lead to early identification of the pathologic response to NAC after the first cycle of chemotherapy. In a systematic review regarding early response monitoring of NAC in breast cancer patients, Prevos et al. (28) concluded that the value of MRI in this issue was not yet established. Marinovich et al. (1) also pointed out that heterogeneous study methodology precluded definitive conclusions. There were large variations in clinicopathological (tumor subtype, NAC regimen, the definition of pathologic response) and imaging (examination time point, acquisition protocol, analysis methods including pharmacokinetic models) details between each study. Although TK or extended TK models are widely applied in breast tumor evaluation, there is no universal consensus for the choice of pharmacokinetic model (4, 9) .
Several studies have supported the potential usefulness of CEUS for response assessment of NAC in breast cancer patients (17) (18) (19) 29) . Among the studies adopting quantitative analysis, significantly increased TTP is frequently observed in responders. TTP is the time from zero intensity (just before the UCA arrives at the ROI) to the peak (30). Cao et al. (17) quantitatively assessed TICderived parameters of CEUS, before and after three cycles of NAC. After NAC, an increase in TTP, a decrease in peak intensity and a decrease in wash-in slope was observed. Saracco et al. (19) investigated CEUS performed before and after two cycles of NAC. They observed significantly longer TTP in responders compared to non-responders after NAC. They interpreted this to mean that decreased blood perfusion leads to slower in-flow of UCA in the tumor. RT is the time from TI (the instant at which the maximum slope tangent crosses the x-axis) to the peak. Considering RT is TTP minus TI, our results correspond to those of previous kjronline.org studies. RT is known to be the least dependent on changes in US scanner settings and contrast bolus volume (31). There has not been a consensus regarding adequate quantitative parameters representing treatment response. The major drawback of US is its limited reproducibility. For the quantitative analysis of DCE-US, the establishment of US equipment-independent reproducibility and standardization of technical settings is crucial (24) . So far, DCE-MRI has been widely investigated and used for response prediction. However, DCE-US is widely available and can be performed in patients who cannot undergo DCE-MRI. Moreover, DCE-US can directly visualize perfusion status in the tumor. It is also encouraging that we observed some meaningful changes after the first cycle of NAC. DCE-US seems to be a potential tool for observing early changes after treatment of tumors.
Our study had several limitations. First, DCE-MRI and DCE-US were performed at different times. As we wanted to identify early perfusion change, DCE-US was performed after the first cycle of NAC for research purposes. However, for more practical purposes, DCE-MRI was performed after two cycles of NAC for midterm assessment. The treatment effects of NAC in breast cancer become pronounced with regard to DCE-MRI parameters after two cycles of NAC (11) . Second, although we used commercial software, quantitative analysis of DCE-MRI and DCE-US was not well integrated. Third, when the tumor was larger than the sonic window or the lesion was very indistinct, it was difficult to place the US probe at the exact same location in two serial examinations. Fourth, the study population was small. Clinical and histopathological characteristics were also heterogeneous. Fifth, the response criteria (minor responder vs. good responders) were not well founded. Although the categorization according to the pathologic complete response (pCR) was preferable (32) , it was difficult to compare pCR and non-pCR groups in this study because there were only 4 cases of pCR. Sixth, neither intra-nor inter-observer variability was evaluated. An additional large-scale study with a standardized method is needed.
In this paper, we demonstrated the results of quantitative analysis of DCE-MRI and DCE-US for early prediction of the pathologic response to NAC in breast cancer patients. The 
